Introductory Note:
The paper below, "The fragile legacy of Amphicoelias fragillimus (Dinosauria: Sauropoda; Morrison Formation -Latest Jurassic)", was released on December 15 th , 2014 in the second issue of the open access online journal Volumina Jurassica. Unfortunately, the version released was not our intended final version. This mistake was due to a miscommunication on our part during the manuscript revision stage. All of the information pertaining to our assessment that the values reported by E.D. Cope represent typographical errors remains the same in this released version. The striking difference between the two versions pertains to the taxonomic stability and proposed future treatment of the genus Amphicoelias. While the differences between these two versions may be minor, we feel that the version included below is the more proper of the two. Our intention with this version, released via PeerJ, is to serve as a supplemental or supporting file to the Volumina Jurassic version. Citations of this manuscript should still follow that of Volumina Jurassic. We greatly appreciate all of the help and assistance from the editors and staff of Volumina Jurassica, and we ask forgiveness from the journal and the readership for this discrepancy.
D. Cary Woodruff & John R. Foster
-Since the release of the paper, a few additional points have been raised. Specifically, it was suggested to us that it is possible to crosscheck Cope's published measurements by comparing them with the original print size (1:10) of the figured A. fragillimus vertebra, which suggests a smaller vertebral size (yet still close to our calculated 1.83 M). We felt that due to the already speculative nature of the specimen, it was more conservative to propose that the numbers published in the text by Cope were legitimate, just that their specific order was not. However, we fully acknowledge that further typographical errors could exist. Regardless of the specifics, such questioning is wonderfully stimulating to the discussion of the plausibility of A. fragillimus.
INTRODUCTION
Described by E. D. Cope in 1878, the holotype (and only) specimen of A. fragillimus consisted only of a distal end of a femur and a partial posterior dorsal neural arch and spine.
What makes A. fragillimus truly unique in all of dinosaurian paleontology is the reported immense size of the material. As reported by Cope, the fragmentary posterior dorsal vertebra of A. fragillimus was 1.5 meters tall, which when reconstructed resulted in the complete dorsal fragillimus on those of Diplodocus, resulting in body length estimates of 58-60 meters (Paul, 1994; Carpenter, 2006 [Reilly et al., 2008] , Fig. 1 ).
Surviving correspondence and journal entries between Cope and the collector O. Lucas address the presence and quarry location of A. fragillimus (McIntosh, 1998; Monaco, 1998; Carpenter, 2006) (AMNH 5777; McIntosh, 1998) , so the specimen apparently survived at least until then. In the original description Cope noted the extreme fragile and delicate nature of the material (hence the species name fragillimus), and since fossil preservatives were not used at the time, it has been surmised that at some point prior to Osborn and Mook's survey that the deteriorating material was discarded, potentially even by Cope himself (Carpenter, 2006) . Regardless of the whereabouts of the holotype material, several works have accepted Cope's measurements without question (Osborn and Mook, 1921; McIntosh, 1998; Carpenter, 2006) .
Unfortunately in many respects the study of A. fragillimus represents a forever untestable scientific endeavor. Due to the disappearance of the holotype material, proportions cannot be re-measured, morphology and anatomy cannot be examined, and phylogeny and taxonomy are practically non-existent; in essence any further science is hindered. All we are left with is the scant information in Cope's 1878 description. Yet, based on what information survives, presumed body length and body mass have been calculated (Paul, 1994; Mazzetta et al., 2004; Carpenter, 2006) . This resulting body size has remained largely unquestioned, and dinosaur paleontology has been largely indoctrinated with the concept that A. fragillimus was possibly the largest dinosaur; although it is rarely mentioned in these discussions due to the missing status of the type material. While any scientific assessment of A. fragillimus is conjectural, it is nonetheless important to question the biology of such a reported organism. If reconstructed elemental size and body length and mass can all be hypothesized, the same should hold true for other biological aspects. Through morphological comparisons this analysis shall examine more plausible elemental reconstructions while also considering biological and historical aspects in order to determine if a sauropod of the reported size of A.
fragillimus could have existed.
DISCUSSION
While the attention of A. fragillimus works are generally dedicated to length and weight of the animal (Paul, 1994; Mazzetta et al., 2004) (Lucas et al., 2006) , and therefore comparable vertebral features and orientations cannot be examined.
A. FRAGILLIMUS ELEMENTAL RECONSTRUCTIONS VERTEBRAL RECONSTRUCTION
In his 1878 description, Cope presumed that the neural arch of A. fragillimus represented the tenth dorsal, and he reconstructed the centrum similar to that of A. altus.
Cope's A. fragillimus is reconstructed as having a very narrow and rectangular centrum (nearly twice as tall as wide) with a very small and rounded neural spine apex shortly above the preserved portion (Fig. 2) . This reconstruction results in a posterior dorsal vertebra 1.83 meters tall. In 2006, based on presumed morphological similarities, K. Carpenter reconstructed the A. fragillimus vertebra as an extensively modified A. altus posterior dorsal vertebra. Carpenter's reconstruction resulted in a centrum that was slightly more circular (yet still taller than wide), with a very tall and narrow neural arch, slightly vertically oriented transverse processes, and a larger, more bulbous neural spine apex. This reconstruction, at least being based on a comparative specimen, results in the A. fragillimus posterior dorsal vertebra as being 2.7 meters tall (Fig. 2 ). Looking at a posterior dorsal from Diplodocus carnegii (D 10 from CM 84; Hatcher, 1901) , the centrum is very circular, with the height and width being near equal. From the neural canal to the hyposphene, the neural arch is rather tall, but becomes quite narrow proximally to the neural canal. Proportionally, in the case of D.
carnegii (D 10 from CM 84) the centrum is approximately 1/4 of the entire vertebral height. In a larger diplodocid, such as Supersaurus vivianae (WDC DMJ-021), the centrum is significantly larger than that of D. carnegii. In S. vivianae the centrum is much wider than it is tall. The neural arch from the neural canal to the hyposphene is much shorter than in D.
carnegii, yet still retains the narrow portion proximal to the neural canal. Also, proportionally the centrum is a much larger component of the total vertebral height; in this case approximately 1/3 of the entire height. If these size and proportional differences between D.
carnegii and S. vivianae are indicative of vertebral changes within large diplodocids, then it might be possible to predict the morphologies of even larger diplodocids. Since we do not have any material from a diplodocid between the size of S. vivianae and A. fragillimus, it is impossible to determine whether or not the centrum continued to widen and dominate more of the total vertebral height. However, assuming that the A. fragillimus posterior dorsal was In his 1878 description, Cope did mention that a distal end of a femur was located near the dorsal neural arch, and assumedly based on its large size from the same animal. However, Cope never figured or described this element in any detail. For comparative and speculative purposes, Cope noted that in the case of A. altus and Camarasaurus supremus the femora were roughly twice as tall as the tallest dorsal vertebra (Cope, 1878a). Assuming that the preserved neural arch was indeed from the tallest of the series, this results in a femur over 3.6 meters tall (Cope, 1878a). In using Diplodocus proportions, the femur to dorsal 10 ratio is approximately 1.6-1.7. This produces an A. fragillimus femur anywhere from 3.1-4.76 meters tall (Paul, 1994; Carpenter, 2006 ; this analysis).
Assuming that A. fragillimus and A. altus were proportioned similar with respect to femur morphology, then the femur of A. fragillimus should be quite gracile and extremely long and narrow (A. altus displays the "stovepipe" diaphyseal morphology). It would seem rather peculiar for an organism with a potential mass of 122,400 kg (Carpenter, 2006) to be supported by such a proportionally narrow and gracile femur as opposed to a stocky and robust Apatosaurus-like femur. But, as the femur increases in length, so should the relative width. Following the development through Diplodocus femoral ontogeny, some general trends include the femoral head enlarging and inclining progressively horizontal, the greater trochanter protruding much more medially, the diaphysis thickening appositionally, and the tibial and fibular condyles becoming much larger and more robust (Fig. 4) . Assuming the same developmental trends hold true (disregarding the questionable diaphyseal morphology mentioned above) in A. fragillimus, the femur of A. altus (AMNH 5764) has been modified in the same manner to reconstruct that of A. fragillimus. The resulting reconstructed femur is 4.76 meters tall (Fig. 5) .
THE SCIENTIFIC PLAUSIBILITY OF A. FRAGILLIMUS' MASSIVE SIZE ECOLOGY
The gargantuan size of A. fragillimus and the mystery surrounding the disappearance of the material makes this organism truly unique. That the purported largest terrestrial vertebrate of all time was found and lost before the advent of modern documentation technology is a travesty; and, alas, the memory of A. fragillimus may forever remain engrained in the annals of paleontology. While the evidence exists to verify that Cope did indeed extract the remains of some large sauropod from Colorado, the science of gigantism should dispel the potential myth of A. fragillimus' purported reconstructed length and body mass. Intrinsic factors such as gravitational forces indicate the maximum weight limit for a terrestrial organism to be 75,000 kg (Günther et al.; 2002) , while bone strength and muscles forces have been calculated to max out in terrestrial body sizes over 90,718 kg (Hokkanen, 1986) . With regard to large body size, the most critical extrinsic property is resource availability. The larger an organism the more nutritional resource it needs (particularly if it has a higher basal metabolic rate) along with a larger home range for said resources (Burness et al., 2001) . If an organism is too large for the geography and biota to support it, that particular organism will be in direct conflict with the ecosystem and shall eventually go extinct.
According to MacArthur and Wilson (1967) , the larger a particular land area the more individuals per taxon will be present.
If a homogenized Morrison Formation sauropod biota were indeed correct, this means that at least ten genera and potentially twenty-one species with body masses ranging from 7-26 tons were all occupying the same landscape (Seebacher, 2001; Foster, 2003; Mazzetta et al., 2004; Taylor, 2009 ). While there is evidence to suggest generic and ontogenetic niche partitioning (Whitlock et al., 2010; Fowler and Sullivan, 2011) , these sauropod genera would undoubtedly have had an impact on the plant biota; so, presumably a sauropod an entire order of magnitude greater in mass would have needed significantly more resources and would have potentially been in direct competition with other co-existing large herbivores, especially as juveniles and sub-adults. As in the case of the African savanna, the abundance of the largest herbivores is much lower than that of the smaller herbivores (Owen- Smith and Mills, 2008) .
Assuming the same would hold true for Morrison time, this could explain the over abundance of the relatively smaller Camarasaurus, compared to the rare giant dipoldocids such as Supersaurus and Diplodocus hallorum.
TAPHONOMY AND STRATIGRAPHY
Taphonomically the larger an organism, the more sediment that is needed to entomb the carcass. When one considers the immense size of the giant sauropods such as Puertasaurus reuili (Novas et al., 2005) , Turiasaurus riodevensis (Royo-Torres et al., 2006) , Paralititan stromeri (Smith et al., 2001) , Diplodocus hallorum (Lucas et al., 2006) , Futalognkosaurus dukei (Calvo et al., 2007) , Sauroposeidon proteles (Wedel et al., 2000) , Supersaurus viviana (Jensen, 1985) , Alamosaurus sanjuanensis (Gilmore, 1922) , Argentinosaurus huinculensis (Bonaparte and Coria, 1993) , and Bruhathkayosaurus matleyi (Yadagiri and Ayyasami, 1989) , all of these sauropods are generally known from relatively sparse remains. So, one could make the argument that if A. fragillimus was considerably larger than any yet-described sauropod, this could support the taphonomic plausibility of a burial bias.
Stratigraphically the A. fragillimus (and A. altus fragillimus sized sauropod has been reported. Taphonomically at the very least, some partial fragment should have been quite evident and found in the intervening years. As of this publication no such secondary material is scientifically known.
TAXONOMY
In terms of the genus level taxonomy, this analysis agrees with Osborn and Mook (1921) and McIntosh (1998) that the second species, "A. latus", is simply a synonym of A.
altus. The distinct stout femur of "A. latus" could possibly be pathologic or individual variation. However, in terms of A. altus, this analysis agrees with Foster (2007) that there are not enough characters to separate A. altus from the genus Diplodocus. In the past, A. altus has been considered either likely a large cf. Diplodocus (Foster, 2001) or at least of uncertain status (Harris, 2006) . Even the previously recognized "autapomorphies", such as the circular femoral cross section ("stovepipe" diaphysis) in A. altus are now recognized to be present in many Diplodocus specimens (Carpenter, 2006; Woodruff and Fowler, 2012 with spinoprezygapophyseal lamina on lateral aspect of the neural spine; (15) pubis with a prominent ambiens process. However, none of these characters are preserved in the holotype material (AMNH 5764), which consists of two dorsal vertebrae, a femur, and several other partial elements. We believe that at least some of these characters are based on a second specimen referred by Wilson and Smith (1996) to A. altus, which was subsequently demonstrated by Woodruff and Fowler (2012) to in fact be an immature Diplodocus. The apparent taxonomic uncertainty of A. altus could arise from this "chimera" character assignment, and we would stress caution against further inclusion of the "genus" in future phylogenetic analyses until the type material has been more fully analyzed.
This analysis shall go one step further and suggest that the if the differences between the comparable elements of A. altus and A. fragillimus are indeed correct, then this is indicative of an ontogenetic trajectory (comparable to the ontogenetic vertebral changes documented by Woodruff and Fowler [2012] ). Thus, the A. altus material represents an immature animal, and A. fragillimus the more mature form. As A. altus was erected in 1887 and A. fragillimus in 1878, A. fragillimus should be synonymized into A. altus (likewise suggested by McIntosh, 1998) . Stratigraphically and ontogenetically there is coinciding support for a very large uppermost Brushy Basin, Tithonian-aged diplodocine. Considering the lack of legitimate autapomorphies demonstrated for A. altus and given its uncertain distinction from the genus Diplodocus, this analysis preliminarily supports the referral of the collective Amphicoelias material to the genus and species Diplodocus altus. As the genus Amphicoelias (Cope, 1877) takes priority over Diplodocus (Marsh, 1878) , this would mean that the genus level identification should be assigned as Amphicoelias, and Diplodocus would now be a junior subjective synonym. However, in consideration of its historical and cultural significance, coupled with the copious material and significant paleontological understanding of material referred to Diplodocus, this analysis calls for Amphicoelias being deemed the nomen oblitum and Diplodocus as a nomen protectum.
COULD E. D. COPE HAVE BEEN WRONG?
In the face of the historical evidence and Cope's detailed anatomical training, it would seem hard to deny the existence of A. fragillimus. We will never know the answers as to why Cope never published more on A. fragillimus, why O. C. Marsh did not publicly question the material, and why the AMNH never publicly expressed vivid interest in displaying the world's largest dinosaur. All of these questions are intangible. However, with regard specifically to the described material, it is our belief that the measurements are a typographical error. 1878b). If A. fragillimus was indeed discovered in the summer of 1877, it is curious as to why was it not addressed in either of these sizeable works (the former was released within 6 months before the formal description). The entire formal description of A. fragillimus is only two paragraphs long, so certainly it was not omitted from either due to limited text space.
TYPOGRAPHICAL ERROR
Potentially Cope purposefully chose to do a separate description, but given the sparse size of the description this seems rather odd. In addition, it is perplexing as to why Cope did not even mention A. fragillimus within his theory of lineages increasing in body size through time (a theory now called Cope's Rule, [Cope, 1896] ). While Cope's Rule is a loose general trend (and fraught with exceptions, i.e. Hone et al., 2005; Carrano, 2006; Hone et al., 2008; Sander et al., 2011) , considering he discovered the largest terrestrial vertebrate at the time, it is striking that Cope did not speculate on A. fragillimus and its evolutionary lineage contribution.
To confirm the story and size of Amphicoelias fragillimus may be nearly every sauropod paleontologist's Holy Grail. When in the heart of Morrison Formation country one cannot help but think that the long lost A. fragillimus rests around the next bend. But, as in a mythical treasure hunt, the spoils may forever remain unattainable. While the mysteries surrounding A. fragillimus are alluring, when we stop to consider the validity of a gargantuan terrestrial organism through several aspects such as biology, ecology, and ontogeny (opposed to making these variables fit around it) the end result is that it is highly unlikely that a terrestrial quadruped of such a purported body size could have existed. Whatever the secrets of A. fragillimus are, Cope took them to his grave. 
